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Quantum memory is important to quantum information processing in many ways: a synchro-
nization device to match various processes within a quantum computer, an identity quantum gate
that leaves any state unchanged, and a tool to convert heralded photons to photons-on-demand.
In addition to quantum computing, quantum memory would be instrumental for the implementa-
tion of long-distance quantum communication using quantum repeaters. The importance of this
basic quantum gate is exemplified by the multitude of optical quantum memory mechanisms be-
ing studied: optical delay lines, cavities, electromagnetically-induced transparency, photon-echo,
and off-resonant Faraday interaction. Here we report on the state-of-the-art in the field of optical
quantum memory, including criteria for successful quantum memory and current performance levels.
I. INTRODUCTION
A. Background
Quantum information science incorporates quantum
principles into information processing and communi-
cation. Amongst the most spectacular discoveries
and conjectures, we know that quantum cryptography
could enable information-theoretic secure communication
through public channels [1], and quantum computing
would efficiently solve certain computational problems
that are believed to be intractable by conventional com-
puting [2]. Furthermore quantum dynamics becomes ef-
ficiently simulatable on a quantum computer [3]. The
prototypical model of quantum information processing
represents information as strings of qubits, and process-
ing is effected by unitary quantum gates.
The qubit is a single-particle state in a two-dimensional
Hilbert space. If the particle is a single photon, then the
qubit can be encoded in several ways. For example, in
polarization encoding the logical zero state |0〉 can cor-
respond to a single photon being left-circularly polarized
and |1〉 to right-circularly polarized. Other examples in-
clude path [4], photon-number [5, 6], and time-bin en-
codings [7]. A general qubit state can be expressed as a
superposition of |0〉 and |1〉, and general states of quan-
tum information are superpositions of strings of qubits.
Quantum memory needs to store qubit strings or parts
thereof faithfully and to release them on demand.
Storage of a quantum state need not be perfect. Fault-
tolerant quantum error correction can be employed to
make an imperfect memory sufficient as long as the fi-
delity of the memory ‘gate’ exceeds a particular perfor-
mance threshold [8, 9]. Next we study the specific re-
quirements for optical quantum memory to be effective
for quantum information tasks.
B. Performance criteria
In general quantum memory stores a pure or mixed
state represented by density matrix ρ and outputs a
state ρ′, which should be close to ρ. The ultimate per-
formance criterion for quantum memory is the worst-
case fidelity with respect to the set of input states where
the fidelity for a specific state is given by F (ρ) =
Tr
√√
ρ′ρ
√
ρ′. There exists a threshold worst-case fi-
delity beyond which fault-tolerant quantum error correc-
tion methods can overcome memory imperfection [8, 9].
The fidelity of quantum-optical memory for an arbi-
trary set of input states can be determined by subject-
ing it to complete quantum process tomography [10, 11].
However, this procedure is relatively bulky, so in prac-
tical experimental implementations, other performance
criteria are used. For example the term ‘fidelity’ some-
times refers to state overlap 〈ψ |ρ′|ψ〉 (possibly after
post-selection), which is the square of F (ρ) for the case
that ρ = |ψ〉〈ψ| is a pure state. Average fidelity is of-
ten used, where the average is taken over all input states
with respect to an assumed prior distribution [12].
Another popular criterion is efficiency η, which is the
ratio between the energies of the stored and retrieved
pulses. Efficiency, while easy to determine experimen-
tally, does not account for possible detrimental effects
such as contamination of the retrieved state by the ex-
cess noise from the storage medium.
In continuous-variable implementations, memory can
be characterized by the transfer coefficient and condi-
tional variance [13]. These quantities are convenient for
characterizing quantum memory for single-mode fields
provided that input and retrieved states are Gaussian.
The multimode capacity of quantum memory deter-
mines the number of optical modes that can be stored in
the memory cell with the requisite performance thresh-
old or better. The multimode capacity strongly depends
on the memory mechanism [14, 15].
Quantum memory needs to be able to store the state
long enough to perform the task at hand so storage time
is another essential memory performance criterion. For
many applications, an appropriate figure of merit would
be the delay-bandwidth product, i.e the ratio between stor-
age time and duration of the stored pulse.
2C. Applications
In optical quantum computation the role of quantum
memory is to store quantum bits so that operations can
be timed appropriately. Many qubits are being processed
in parallel with each other at each step in time, and these
processing steps must be synchronized [4, 16, 17].
Quantum communication suffers from imperfect trans-
mission channels, resulting, for example, in quantum key
distribution being possible only over finite distances. The
quantum repeater [18, 19] solves this problem and permits
quantum communication over arbitrary distances with a
polynomial cost function. A necessary component of the
quantum repeater is quantum memory, which, similar to
quantum computation, allows synchronization between
entangled resources distributed over adjacent sections of
the transmission link.
In addition, quantum memory for light finds applica-
tions in precision measurements based on quantum in-
terference of atomic ensembles. By transferring quan-
tum properties of an optical state to the atoms one can
reduce the quantum noise level of the observable mea-
sured, thereby improving the precision of magnetometry,
clocks, and spectroscopy [20].
Finally, quantum optical memory can be used as a
component of single-photon sources. If a single-photon
detector is placed in one of the emission channels of non-
degenerate spontaneous parametric down-conversion, a
detection event indicates emission of a photon pair, and
thus the presence of a single photon in the other chan-
nel [21, 22]. Such a heralded photon is emitted at an
arbitrary time,
In the following, we review recent theoretical and ex-
perimental work related to different approaches to quan-
tum memory.
II. REALIZATIONS
A. Optical delay lines and cavities
The simplest approach to storage of light is an opti-
cal delay line, e.g. an optical fibre. This approach has
been used to synchronize photons with the occurrence of
certain events [23]. However, the storage half-time, i.e.
the time after which half the photons are lost, is, in the
case of 1.5 µm wavelength and telecommunication fibres,
limited to around 70µs, corresponding to a fibre length
of ∼15 km. The half-time decreases at other wavelengths
due to increased loss. Furthermore, the storage time in
an optical delay is fixed once a delay length is chosen,
contrary to the requirement of variable, on-demand out-
put as desired in most applications.
Alternatively, light can be stored in a high-Q cavity.
The light effectively cycles back and forth between the
reflecting boundaries, and can be injected into and re-
trieved from the cavity using electro-optical or non-linear
optical means [24–26], or by quantum state transfer with
passing atoms [27]. For example, light has been stored
for over a nanosecond in wavelength-scale photonic crys-
tal cavities with a tunable Q factor which allows control
over the storage time [28]. Dynamic control of Q can
be achieved by adiabatically tuning the frequency of the
stored light, which has yielded output pulses as short as
∼ 0.06ns, much shorter than the storage time [29].
Unfortunately, storage of light in cavities suffers from
the trade-off between a short cycle time and a long stor-
age time, limiting the efficiency or the delay-bandwidth
product. Therefore, whereas optical delay lines and
nanocavities could be appropriate for obtaining on-
demand single photons from heralded sources [21, 22],
they may not be suitable for quantum memory or quan-
tum repeaters.
B. Electromagnetically-induced transparency
1. Background
Electromagnetically-induced transparency (EIT) is a
nonlinear optical phenomenon observed in atoms with an
energy-level structure resembling the letter Λ [Fig. 1(a)].
Two optical fields couple the excited level to their re-
spective ground levels: the weak signal field which may
carry the quantum information load and the strong con-
trol field which is used to steer the atomic system.
If the control field is absent, the signal field, which
interacts with the resonant two-level system, undergoes
partial or complete absorption. In the presence of the
control field, the absorption of the signal is greatly re-
duced whenever the frequency difference of the two opti-
cal fields is close to the frequency of the Raman transition
between the ground states of the Λ system (the condition
known as the two photon resonance) [Fig. 1(b)].
Transparency is observed when the fields are detuned
from the two-photon resonance by no more than
WEIT ∼ 4√
αL
Ω2
Wline
(1)
for α the absorption coefficient of the medium in the ab-
sence of EIT, L its length, Ω the Rabi frequency of the
control field and ~Wline the uncertainty of the excited
level energy associated with homogeneous or inhomoge-
neous broadening. The width of the EIT window is thus
proportional to the intensity of the control field and can
be much narrower than the Wline.
EIT is largely insensitive to the detuning ∆ of the op-
tical fields from their respective individual transitions. It
can thus exist in the presence of inhomogeneous broad-
ening as long as both optical transitions experience the
same frequency shift. A good example is provided by
atoms in a warm gas whose transitions are broadened
by the Doppler effect associated with atomic motion. If
the ground levels are of similar energy and the two op-
tical fields are co-propagating, the Doppler shifts cancel
3FIG. 1: Electromagnetically-induced transparency. (a) Atomic level configuration. Both fields are detuned from the resonance
by the same frequency so the two-photon resonance condition is fulfilled. (b) Optical density, (c) index of refraction of an
ensemble of atoms in the absence (red) and in the presence (blue) of EIT. In spite of a significant optical depth, the variation
of the index of refraction is very small. The atomic parameters used to generate the plots correspond to a cloud of ultracold
rubidium atoms.
and EIT is observed. Counterintuitively, according to
Eq. (1), EIT window in the presence of inhomogeneous
broadening is much narrower than in the case of pure
homogeneous broadening [30].
EIT was first demonstrated in 1991 for strontium va-
por [31], and since has been observed in various media.
Among the most popular physical systems, particularly
in application to quantum memory, are ensembles of al-
kali atoms and rare-earth doped solids.
2. Slow light and memory
According to the Kramers-Kronig relations, an
anomaly in the absorption spectrum always comes to-
gether with an anomaly in dispersion. A light field
propagating under EIT conditions experiences large pos-
itive dispersion [Fig. 1(c)], which implies reduction of the
group velocity by a factor of ng ∼ αcWline/4Ω2 with re-
spect to the velocity of light in vacuum c [32, 33]. The
group velocity can in theory be arbitrarily reduced by
lowering the intensity of the control field. Experimen-
tally, slowdown by up to seven orders of magnitude have
been observed [34, 35].
Slow light is a ‘trademark’ property of EIT and has
a variety of applications, for example buffering of op-
tical communication traffic [36]. It is also the basis for
the quantum memory application, which functions as fol-
lows [Fig. 2(a)]. A light pulse, resonant with the EIT
window, enters the EIT medium and slows down. The
slowdown entails spatial compression, so the pulse, whose
initial spatial extent by far exceeds L, will fit inside the
medium. Once it is inside, we adiabatically reduce the
control field intensity and bring the group velocity down
to zero, thereby ‘collapsing’ the EIT window and stor-
ing the pulse in the medium. When the pulse needs to
be retrieved, the control field is turned back on. The
pulse then resumes its propagation and leaves the EIT
medium.
Before the signal has entered the EIT medium, all
atoms are optically pumped by the control field into the
ground level |b〉 so the initial atomic state is
|ψ0〉 = |b1 . . . bN〉 . (2)
After the signal pulse has entered the medium and been
stored, its quantum state is transferred into a collective
excitation of the atoms in the EIT medium. For example,
if the signal state is a single photon, the atomic state
becomes (neglecting normalization)
|ψ1〉A =
∑
j
ψje
i∆kzj |b1 . . . cj . . . bN 〉 . (3)
for N the number of atoms in the ensemble, zj the posi-
tion of atom j along the field propagation and ∆k the dif-
ference in the wavevectors of the control and signal fields.
In other words, one of the atoms is transferred into the
other ground state, |c〉, but it is not known which atom
it is.
In the ideal case of absent ground state decoherence,
neither during the transfer, nor during the storage period
does the atomic state contain any fraction of the excited
state |a〉. This means that the EIT-based memory is not
affected by spontaneous decay of that state.
The concept of EIT-based quantum memory has been
put forward by Fleischhauer and Lukin in 2000 [37] and
described in detail in Refs. [33, 38, 39]. First experimen-
tal demonstrations have been reported in 2001 [40, 41].
In Ref. [40] 10–30 µs pulse at a wavelength of 795 nm
has been stored in a 4-cm rubidium vapor cell for up to
0.2 ms. In the work [41], a magnetically trapped thermal
cloud of sodium atoms has been used and the memory
decay time of 0.9 ms was observed. Verification of mem-
ory performance consisted of measuring the intensity of
the stored and retrieved pulses.
Gorshkov et al. [42] developed a detailed theory of
EIT-based storage of light for a variety of experimental
configurations, providing techniques for optimization of
4the memory performance. In the case of optimal match-
ing of the temporal shapes of the input signal and control
fields, optical depth αL of the storage medium outside
the EIT window is the only parameter that determines
the storage efficiency. For efficient storage, αL must sig-
nificantly exceed one.
This requirement can be understood as follows. First,
the spectrum of the signal pulse must fit within the trans-
parency window. This implies that the signal pulse du-
ration must satisfy τ  1/WEIT, where WEIT is given
by Eq. (1). Second, the pulse must fit geometrically
within the EIT medium: the spatial extent of the sig-
nal pulse, compressed due to the slow light effect and
given by cτ/ng 
√
L/α, must not exceed L. These
bounds can be satisfied at the same time if the slowdown
is sufficient, which translates into a demand for a high
contrast of the EIT window, i.e. high αL.
Achieving high optical density is a challenge in many
optical arrangements including magneto-optical traps
and solid state systems. In vapor cells, higher atomic
density will increase αL, but also will degrade the EIT
due to increased ground state decoherence and compet-
ing processes such as four-wave mixing and stimulated
Raman scattering [43].
The findings of Gorshkov et al. were verified in an
experiment in warm rubidium vapor. For moderate opti-
cal densities (αL . 25), the experimental results showed
excellent agreement with a three-level theoretical model
without any free parameters [Fig. 2(b)] [43–45]. For
higher optical densities, four-wave mixing effects come
into play, leading to an additional (idler) optical mode be-
ing generated. Although the associated parametric gain
may lead to better compression of the pulse [46], it also
brings about additional quantum noise that degrades the
storage fidelity.
EIT-based memory can be implemented in solid me-
dia, with the advantage of significantly longer storage
times (see Sec. II F). Following an initial observations
of EIT [47] as well as ultraslow and stored light [48]
in praseodymium doped Y2SiO5 crystal, Longdell et al.
stored light in a similar crystal with a decay time of 2.3
seconds [49]. A disadvantage of this crystal in application
to light storage is a relatively low optical density, which
is due to the inhomogeneous broadening associated with
the difference in ionic radii of Y3+ and Pr3+. Attempts to
increase the dopant concentration only result in a broader
line without increasing the optical density. Recently,
EIT has been observed in another praseodymium doped
crystal, La2(WO4)3, which exhibits an inhomogeneous
broadening that is 15 times smaller than Pr3+:Y2SiO5
but at the cost of significantly increased homogeneous
decay [50].
We now review a few experiments in which quantum
states of light have been stored, and the retrieved pulses
were demonstrated to retain some of the nonclassical
properties. In 2005, single photons, generated using the
DLCZ method (see below), have been stored a cold atom
cloud [51] and in a vapor cell [52] and retrieved about
FIG. 2: Storage of light by means of electromagnetically-
induced transparency. (a) Idealized picture. The signal pulse
enters the cell under the EIT conditions (with control field on,
top image). While the spatially compressed pulse propagates
inside the EIT cell, the control field is switched off, so the
quantum information carried by the pulse is stored as a col-
lective excitation of the ground states (middle image). When
the pulse needs to be retrieved, the control field is switched
back on (bottom image). (b) Optimized classical light stor-
age in a rubidium vapor cell with a buffer gas, αL = 24. The
red curve shows the control field, solid black — experimental
signal, dashed blue — theoretical signal. Left: input signal
pulse of optimal shape. Right: storage and retrieval. Because
of the finite optical depth, the signal pulse does not entirely
fit into the cell, resulting in a fraction of the pulse leaking
through the cell before the control field is turned off. From
Fig. 1(d) of Ref. [43].
0.5µs later. Sub-Poissonian statistics of the retrieved
light have been verified using a Hanbury Brown & Twiss
detection scheme.
In an important step towards applications, a dual-rail
single-photon qubit has been stored in 2008 [53]. A sin-
gle photon has been split into two spatially separate op-
tical modes, each of which has been stored in a cloud
of ultracold optical atoms. Upon retrieval, the modes
were recombined and subjected to an interference mea-
surement, which demonstrated that not only nonclassical
photon statistics, but also the phase relation between the
two stored modes has been preserved. This experiment
constitutes the first mapping of an optical entangled en-
tity in and out of quantum memory.
In 2004, propagation of another quantum informa-
tion primitive, squeezed vacuum, has been observed un-
der EIT conditions [54], which followed by experimental
demonstrations of storage of squeezed vacuum in 2008
5[55–57]. Quadrature noise of the retrieved pulses was
measured by means of homodyne detection and observed
to be below the shot noise level, demonstrating that some
of the initial squeezing has been preserved through the
storage procedure.
EIT-based storage of quantum light suffers from back-
ground noise in the retrieved signal. This noise is likely to
originate from the repopulation of the state |c〉 [58] asso-
ciated, for example, with the atomic drift into and out of
the interaction area. In the presence of the control field,
the atoms are pumped from |c〉 into the excited state
|a〉, and then spontaneously decay back into the ground
state emitting thermal photons that contaminate the sig-
nal mode. This effect is negligible when a macroscopic
pulse is stored and its classical properties (such as the en-
ergy and the pulse shape) are measured upon retrieval.
On the other hand, the detrimental effects of the noise
become significant when the quantum properties of the
storage process are of interest. To minimize this noise,
most experiments on non-classical light storage had to
compromise on storage efficiency and lifetime.
The background noise has been observed in a homo-
dyne detection setting [59] and has been investigated the-
oretically [13, 60, 61]. These predictions were successfully
applied to an experiment on propagation of squeezed
light under EIT conditions [62]. Unlike the classical
case, however, there does not yet exist a comprehen-
sive study where a full quantum-theoretical description of
EIT-based light storage would be developed and verified
experimentally.
C. The DLCZ Protocol
Closely related to EIT-based quantum memory is
a scheme for creating long-lived, long-distance entan-
glement between atomic ensembles proposed by Duan,
Lukin, Cirac and Zoller (DLCZ) [63]. An elementary
step of the DLCZ procedure consists of creating a stored
collective excitation of the type (3) in an ensemble of Λ-
type atoms. In contrast to regular optical memory, this
excitation is produced not by an external photon enter-
ing an ensemble, but by the ensemble itself. The atoms,
initially in the state |b〉, are illuminated with a weak off-
resonant optical pulse (called the write pulse), resulting
in a probability of Raman transfer of atoms into state |c〉
(Fig. 3a). Each such transfer is associated with scattering
of a photon in an arbitrary direction.
A single spatial mode of the scattered (idler) light is
selected, e.g. by means of an optical fiber, and subjected
to measurement with a single-photon detector. The pa-
rameters of the write pulse are chosen so that the prob-
ability of a detection event is low. If such an event does
occur, it indicates with high probability that exactly one
photon has been emitted by the atomic ensemble into the
detection mode.
Spatial filtering erases the information about the lo-
cation of the atom that has emitted the photon. As a
result, the detection event projects the atoms onto a col-
lective superposition of the type (3). The state of the
atomic ensemble becomes equivalent to that as if a single
photon has been stored therein using the EIT technique.
Therefore one can apply a classical (read) field on the |c〉-
|a〉 transition, which will play the role of the EIT control
field, leading to retrieval of a signal photon from the en-
semble and transfer of the atoms back into the state (2)
(Fig. 3(b)).
In its many aspects, the scheme resembles heralded
preparation of a single photon from a biphoton generated
via parametric down-conversion [21, 22]. A fundamental
difference is that the heralded atomic excitation is long-
lived and can be retrieved at an arbitrary time, which
enables application in a quantum repeater. The protocol
can also be viewed as a deterministic single-photon ‘pis-
tol’: once it is ‘loaded’ with an idler detection event, it
can ‘shoot’ the signal photon on demand.
Figure 3c illustrates preparation of a single link of long-
distance entanglement between two remote atomic en-
sembles. The ensembles are simultaneously illuminated
with write pulses and the spatial modes in which the idler
photon is to be detected are mixed on a beam splitter.
Now, if a photon has been detected in one of the beam
splitter outputs, it is impossible to tell which of the two
ensembles has emitted the photon. As a result, the state
of the two ensembles becomes an entangled superposition
Ψ =
1√
2
|ψ0〉 |ψ1〉+ eiφ |ψ1〉 |ψ0〉), (4)
where the phase φ depends on the lengths of the optical
links between the ensembles and the detection apparatus.
The DLCZ protocol does not constitute quantum
memory for light in the strict sense: being stored is not
an external, arbitrary state of light but a heralded excita-
tion. Nevertheless, the scheme fully replaces the “ortho-
dox” memory as far as the quantum repeater application
is concerned. Furthermore, it is more convenient in that
it requires no additional nonclassical light sources: the
role of these is played directly by the memory cells.
There exists a vast body of experimental work on the
DLCZ protocol. The first implementations were reported
in 2003 by two groups. Kuzmich et al. worked with a ce-
sium MOT and observed nonclassically correlated idler
and signal photons for storage times of about 400 ns [64].
Van der Wal et al. observed nonclassical correlations be-
tween the idler and signal light intensities for a read and
write pulse separated by a few hundred nanoseconds [65].
Regular photodiodes were used rather than photon coun-
ters, and both generated pulses were macroscopic.
These initial observations were followed by exten-
sive research aimed at refining and characterizing the
scheme [66–70]. A particularly significant improvement
was achieved thanks to a noncollinear beam geometry in
which the signal and idler photons are emitted against
a dark background, and can thus be detected without
additional filtering [71, 72]. The conditional probabil-
ity of generating the signal photon on observation of the
6idler photon reached a value of 50%, with a suppression
of the two-photon component below 1% of the value for
a coherent state [70]. Most recently, the single photon
produced with the DLCZ technique was used to perform
quantum tomography on a W state [73].
The DLCZ protocol has been further enhanced by a
feedback procedure [74–76] in which the write pulses are
repeated until an idler photon has been registered by
the detector. Upon a detection event, the read pulse is
applied at a desired moment in time. In this manner,
a good approximation of a deterministic single-photon
source can be constructed, with typical unconditional
quantum efficiencies on a scale of 10%.
Enclosing the atomic ensemble into an optical cav-
ity allows increasing its effective optical depth [77–79],
leading to intrinsic photon retrieval efficiencies of up to
84% [79]. An additional advantage of the cavity is
that the temporal modes of the emitted signal and idler
photons are determined by the cavity parameters, and
are thus identical, as can be demonstrated, for example,
through the Hong-Ou-Mandel effect [78]. On the other
hand, this scheme introduces additional losses associated
with coupling the photons out of the cavity.
Signal photons prepared using the DLCZ method are
transform limited. Therefore, the photons emitted by
two similarly prepared DLCZ samples are largely indis-
tinguishable. This was demonstrated by observing Hong-
Ou-Mandel interference between these photons [80–82].
The first DLCZ link between atomic ensembles
has been demonstrated in 2004 by Matsukevich and
Kuzmich [83]. Two cylindrical areas of the same atomic
cloud were simultaneously excited by a write pulse, and
the two corresponding idler modes were mixed on a po-
larizing beam splitter, so the source of the idler pho-
ton becomes indistinguishable. The polarization state
of this photon was measured, projecting the ensembles
onto the state (4). A subsequent pair of read pulses was
followed by a polarization measurement of the signal pho-
ton, which exhibited Bell-type correlations with the idler.
This work was criticized by van Enk and Kimble [84, 85]
for the postselected character of the measurement. An
experiment in a similar setting proving the presence of en-
tanglement without resorting to postselection was later
reported by the same group [86].
After propagating through the beam splitter (Fig. 3c),
the idler photon is in an entangled state with the col-
lective excitations in both atomic samples. This entan-
glement was used in 2008 by Chen et al. to implement
quantum teleportation [87]. A Bell-state measurement
was performed on the idler photon and a coherent state of
arbitrary polarization, teleporting the polarization state
of the coherent state onto the atomic excitations. The ex-
citations were then converted into optical form in order
to measure the teleportation fidelity.
On application of the write pulse, the idler photon is
emitted by a single DLCZ sample in an arbitrary direc-
tion and, generally, with an arbitrary polarization. This
feature was utilized by a number of groups to demon-
strate entanglement between various degrees of freedom
of the optical and atomic excitations: polarization [88],
angular momentum [89], and direction [90]. By the
same principle, entanglement of a frequency-encoded op-
tical qubit with a cold mixture of 85Rb and 87Rb isotopes
has been demonstrated [91].
A photon entangled with the atomic ensemble can then
be stored in an EIT-based memory cell [92], leading to
entanglement of two remote atomic qubits. Such entan-
glement can also be produced by a Bell measurement on a
pair of polarization encoded optical qubits obtained from
two remote samples [93, 94]. The advantage of this ap-
proach in comparison with the classic DLCZ protocol is
that the polarization encoded qubits are much less sen-
sitive to fluctuations of optical phases in communication
links.
Entanglement swapping between two DLCZ links has
been demonstrated by Chou et al. in 2007 [95]. Af-
ter preparing entanglement in two pairs of nodes, si-
multaneous read pulses were applied to two neighbor-
ing nodes in different pairs. The generated signal modes
were mixed on a beam splitter and subjected to a photon
number measurements. Detection of a single signal pho-
ton projects the two remaining nodes onto an entangled
state, which has been verified by reading out the signal
photon from these nodes.
The DLCZ scheme is well suited for quantum repeater
applications, but does not directly enable storage of ar-
bitrary quantum information from outside the system.
However, the scheme could be used as quantum memory
for arbitrary qubits by means of quantum teleportation
[87]. As the entanglement is generated by spontaneous
emission, such an optical quantum memory is only useful
in a post-selected way.
D. Photon-echo quantum memory
1. Background
Similar to EIT-based storage discussed in sec. II B,
photon-echo quantum memory relies on the transfer of
the quantum state carried by an optical pulse into collec-
tive atomic excitation. However, in contrast to EIT, it
takes advantage of the inhomogeneous broadening. Con-
sider again an ensemble of two-level atoms in state (2).
After absorption of a signal photon at t = 0, the state is
given (in un-normalized form) by [14]
|ψ1〉 =
∑
j
ψje
−iδjteikzj |b1 . . . aj . . . bN 〉 , (5)
where k denotes the wave vector of the signal field, δj is
the detuning of the transition of atom j with respect to
the light carrier frequency, and all other variables are as
in Eq. 3. Although the atomic dipoles are initially phase
aligned with k, this alignment rapidly decays because δj
is different for each atom.
7FIG. 3: The Duan-Lukin-Cirac-Zoller protocol. (a) the
atoms, initially in the state |b〉, are illuminated with a weak
off-resonant write pulse, resulting in a probability of Raman
transfer into state |c〉. Each such transfer is associated with
scattering of a photon in an arbitrary direction. A single
spatial mode of the scattered (idler) light is selected, e.g. by
means of an optical fiber, and subjected to measurement with
a single-photon detector. The parameters of the write pulse
are chosen so that the probability of a detection event is low.
If such an event does occur, it indicates with high likelihood
that exactly one photon has been emitted by the atomic en-
semble into the detection mode. Spatial filtering erases the
information about the location of the atom that has emit-
ted the photon. As a result, the detection event projects the
atoms onto a collective superposition of the type (3). (b)
Application of a classical read pulse converts this collective
excitation to optical form, resulting in emission of the signal
photon and transfer of the atoms back into the state (2). (c)
Entanglement between two ensembles is created when the de-
tection modes from two samples are overlapped on a beam
splitter, so the source of the idler photon becomes indistin-
guishable.
All photon-echo quantum memory protocols employ a
procedure that rephases the atomic dipoles some time
later, thereby recreating collective atomic coherence. In
other words, the phases of all atoms become equal at
some moment te. This triggers re-emission of the ab-
sorbed signal. The initial distribution of spectral detun-
ings δj allows for a classification of photon-echo quantum
memory into two categories [96], which we describe now.
2. Controlled reversible inhomogeneous broadening (CRIB)
If the spectral distribution is continuous, the require-
ment of atom-independent phase evolution
∫ te
0 δj(t)dt
can only be achieved if, some time t′ after absorption of
the light, the resonance frequency of all atoms is actively
changed from δj1 to δj2 so that δj1t
′+δj2(te− t′) = const
for all j (Fig. 4).
This approach to storage can be traced back to 1964,
when the well-known spin echo [97] was extended to the
optical domain [98]. The two-pulse photon echo was then
developed into time-variable storage of data pulses using
three-pulse photon echoes [99–102]. However, conven-
tional photon-echo does not allow efficient storage and
recall of data encoded into few-photon pulses of light
with high fidelity, due to an inherent amplification pro-
cess [103]. Yet, it recently inspired a quantum memory
protocol that is now generally referred to as controlled re-
versible inhomogeneous broadening (CRIB) [104]. Alter-
natively, the term Gradient echo memory (GEM) is used
[105]. First proposed in 2001 for storage in atomic vapor
[106], CRIB has meanwhile been adapted for solid-state
storage of microwave photons [107] and optical photons
[108–110].
The original proposal for CRIB is based on a hidden
time-reversal symmetry in the Maxwell-Bloch equations
that describe the evolution of the atom-light system dur-
ing absorption and re-emission [110]. Reversing the evo-
lution of the atom-light system requires that the detun-
ing of all atoms is inverted, i.e. δj2 = −δj1 (Fig. 4).
Additionally, a mode-matching (or phase-matching) op-
eration has to be performed, which consists of applying a
phase shift e−2ikzj to all atoms. This results in mapping
the forward-traveling collective atomic coherence created
during absorption of the forward-traveling light onto a
backward-propagating coherence, which can lead to light
emission in the backward direction. Another condition
for perfect time reversal is that the optical depth of the
medium must be sufficiently large to guarantee absorp-
tion of the incoming light.
If the conditions of atomic inversion, mode matching
and large optical depth are not satisfied, symmetry argu-
ments do not suffice to predict the memory performance.
Of particular interest are the cases where the light is not
completely absorbed, due to limited optical depth, and
where the mode-matching operation is not implemented,
resulting in the light being re-emitted in forward direc-
tion. To find the performance, we distinguish between
different types of inhomogeneous broadening. Two types
have been analyzed. In transverse broadening, the atomic
absorption line is equally broadened for each position
z. Longitudinal broadening refers to the case where the
atomic absorption line for each position z is narrow, and
the resonance frequency varies monotonically throughout
the medium: δj = χzj.
Assuming transverse broadening and limited optical
depth αL, the efficiency for recall in the backward di-
rection is given by [111, 112] 
(t)
b = (1− exp{−αL})2.
For re-emission in the forward direction, is is [112, 113]

(t)
f = (αL)
2 exp{−αL}. In this case the maximum effi-
ciency of 
(t)
f = 54% is obtained for αL = 2. Note that
the recalled pulse is time-reversed, resulting in an ex-
8change of the leading and trailing end, regardless of the
direction of recall.
Longitudinal broadening yields 
(l)
b = 
(t)
f =
(1− exp{−(αL)eff})2 where (αL)eff ∝ χ−1 characterizes
the effective optical depth of the medium [113–115]. It
is interesting that the efficiency for forward recall can
reach unity, despite the violation of time reversal: while
the output pulse is a time-inverted image of the input
signal [105], it is re-emitted in forward direction. The
recalled pulse features a frequency chirp, i.e. the fidelity
of the retrieved mode deviates from unity [114, 115].
Depending on the storage medium, the required change
of detunings δj can be achieved in different ways. For
atomic vapor where the inhomogeneous broadening is
due to atomic motion, the atoms have to be forced to
emit light in the backward direction using the above
mentioned mode-matching operation, thereby inverting
the Doppler shifts. In solids, the detunings of individ-
ual atoms depend on crystal defects and strain. Control
over the detunings can be achieved by ‘tailoring’ a nar-
row absorption line in the naturally broadened transition
by optical pumping, followed by controlled and reversible
broadening through position-dependent Stark or Zeeman
shifts, as shown in Step 1 in Fig. 4.
In order to achieve a large delay-bandwidth product
when working with a two-level system, we need, on the
one hand, a narrow initial line, which determines the stor-
age time (see sec. II F). On the other hand, we need a
large broadened line, which determines the bandwidth
of the pulse to be stored. The required large artificial
broadening compromises the optical depth, thereby im-
pacting on the storage efficiency. This can be alleviated
by working with broader initial lines and rapidly map-
ping optical coherence (between levels | b 〉 and | a 〉 in
Fig. 1(a)) onto long-lived ground state coherence (be-
tween levels | b 〉 and | c 〉). This transfer can be accom-
plished using pi pulses, or a direct Raman transfer using
additional, off-resonant control fields connecting levels
| a 〉 and | b 〉. If the control fields are counter-propagating,
this procedure also implements the mode-matching oper-
ation forcing the retrieved signal to propagate backwards.
Photon-echo quantum memory with Raman transfer
is sometimes referred to as Raman echo quantum mem-
ory (REQM) [15, 96, 116–118]. Beyond the possibility
to work with relatively broad optical absorption lines,
this approach may relax material requirements as the
storage bandwidth depends not only on the controlled
inhomogeneous broadening of the optical transition, but
also on the Rabi frequency of the Raman control fields
[96]. Interestingly, reversible mapping of quantum states
between light and atomic ensembles can be obtained for
fields of arbitrary strengths, i.e. beyond the usual weak
field, linear approximation [96].
CRIB was first demonstrated in 2006 using an Eu-
ropium doped Y2SiO5 crystal, a reversible external elec-
tric field that generated longitudinal broadening, and
macroscopic optical pulses recalled in the forward di-
rection [109]. As in all photon-echo based storage, the
crystal was cooled to around 4K. Due to limited opti-
cal depth, the size of the recalled pulses was six orders
of magnitude smaller than the one of the input pulses.
Shortly after, the same group demonstrated that ampli-
tude as well as phase information can be stored [119].
The efficiency was similarly small. Since then, the mem-
ory performance has been improved tremendously, and
a record efficiency of 66% was recently reported using a
Praseodymium-doped Y2SiO5 crystal and the configura-
tion mentioned above [120].
The Europium and Praseodymium-doped crystals em-
ployed in these experiments feature a favorable level
structure and radiative lifetimes for optical pumping,
but have somewhat inconvenient transition frequencies
around 580 and 606 nm, respectively. This requires work-
ing with frequency-stabilized dye lasers. Furthermore,
the spectral width of the light to be stored is limited to a
few MHz, due to small atomic level spacing in the ground
and excited state multiplets. Recently, CRIB was imple-
mented with telecommunication photons in an Erbium
doped Y2SiO5 crystal [121] . This material features a
more convenient transition at 1536 nm where standard
diode lasers can be employed, but does not provide the
same ease for tailoring the initial absorption line as Eu-
ropium or Praseodymium doped Y2SiO5. The recall ef-
ficiency for weak coherent laser pulses was below 1%.
CRIB based storage was recently combined with a di-
rect Raman transfer [116, 118]. The experiments relied
on macroscopic signal pulses and storage in Rubidium va-
por. The first investigation established the feasibility and
resulted in a recall efficiency of 1%. In the second study,
the efficiency could be increased up to 41%. Exploiting
the condition that pulse emission can only take place if all
dipoles oscillate in phase and the Raman coupling beam
is switched on, the authors also demonstrated that the
order and the moments of recall of four stored pulses can
be chosen at will. Hence, the approach could work as
an optical random access memory for quantum informa-
tion encoded into time-bin qubits. Furthermore, beam
splitting of input pulses was observed. The latter has
also been demonstrated using EIT systems [45, 122–124],
traditional stimulated photon echoes [125], and photon-
echo quantum memory based on atomic frequency combs
[126].
3. Atomic frequency combs (AFC)
In the protocol based on atomic frequency combs
(AFC), the distribution of atoms over detuning δ is de-
scribed by a periodic, comb-like structure with absorp-
tion lines spaced by multiples of ∆ (see Fig. 5). Repet-
itive rephasing occurs at times 2pi/∆ when the phases
accumulated by atomic dipoles in different “teeth” dif-
fer by multiples of 2pi. To inhibit re-emission after one
fixed cycle time, and allow for long-term storage with
on-demand readout, the excited optical coherence can
be transferred temporarily to coherence between other
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FIG. 4: CRIB-based quantum memory in solid state devices
featuring optical centers with permanent electric dipole mo-
ments. In step 1, a narrow absorption line is created from an
ensemble of absorbers with broad, inhomogeneously broad-
ened absorption line. This is achieved by means of an optical
pumping (or spectral hole burning) procedure, which trans-
fers population to auxiliary atomic levels. In step 2, the line is
broadened in a controlled and reversible way using DC Stark
shifts and position dependent external electric fields. This
procedure goes along with a reduction of optical depth. Then,
the signal to be stored is directed into the medium and ab-
sorbed (step 3). In step 4, re-emission is activated through
the application of a mode (or phase) matching operation, i.e.
a 2kz position dependent phase shift, and reversal of the de-
tuning of each atom. This leads to backwards emission of the
signal in a time-reversed version. (Figure from [104])
atomic levels, e.g. ground state spin-levels, where the
comb structure is not present. This condition is well sat-
isfied in rare-earth-ion doped crystals.
The AFC approach originated from the discovery in
the late seventies that photon echoes can be stimulated
from accumulated frequency gratings [127–129]. The
quantum memory protocol, proposed in 2008 [14], is ex-
pected to enable time-variable storage of quantum states
with unit efficiency and fidelity. Assuming transverse
broadening, the efficiency of the AFC protocol can reach
100% for recall in backward direction, and 54% for recall
in forward direction.
Compared to CRIB, AFC has the advantage of making
better use of the available optical depth as fewer atoms
need to be removed through optical pumping. Another
advantage is the unlimited multi-mode capacity, provided
that the natural broadened absorption line is sufficiently
large. For instance, calculations suggest the possibility
to store 100 temporal modes with an efficiency of 90%
in Europium Y2SiO5 [14]. For comparison, the multi-
mode capacity in CRIB scales linearly with the absorp-
tion depth, and in EIT it is proportional to the square
root thereof [14, 15].
AFC quantum memory with re-emission after 250 ns,
pre-determined by the spacing in the frequency comb,
was reported in 2008 [126]. The experiment relied on a
Neodymium doped YVO4 crystal, and recall in forward
direction. The readout efficiency for weak coherent input
states of ∼20 ns duration was 0.5%, and a capacity of
up to four temporal modes could be demonstrated. The
post-selected storage fidelity for time-bin qubits in vari-
ous states, defined by average state overlap discussed in
sec. I A, exceeded 97%.
A shortcoming in this experiment, namely the pre-
determined emission timing, was overcome in 2009 [130].
For on-demand recall, the initially excited optical coher-
ence was temporally transferred to ground state coher-
ence using two pi pulses with variable relative delay. 450
ns long macroscopic optical pulses could be stored in a
Praseodymium doped Y2SiO5 crystal for up to 20 µs with
around 1% efficiency.
In the same year, AFC-based storage was also demon-
strated in a Thulium YAG crystal [131]. Better tailoring
of the comb structure resulted in a storage efficiency of
9.1%, i.e. an improvement by almost one order of mag-
nitude.
E. Off-resonant Faraday interaction
Consider an optical wave propagating through an en-
semble of two-level atoms. When its detuning ∆ from
the atomic transition is sufficiently large (∆  Wline),
the real part of the susceptibility is inversely propor-
tional to ∆, whereas its imaginary part behaves as ∆−2
[Fig. 1(b,c)]. Therefore an off-resonant wave will not ex-
cite any atoms, resulting in negligible absorption, but
may experience a significant phase shift. The quantum
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FIG. 5: Quantum memory based on atomic frequency combs
(AFC). (a) An inhomogeneously broadened absorption line
(transition | g 〉 − | e 〉) is tailored into an atomic frequency
comb using frequency-selective optical pumping to the | aux 〉
level. The peaks in the comb are characterized by width γ
and separation ∆. (b) The collective dipole moment created
by absorption of the input light rapidly dephases and, due to
the discrete structure of the absorption profile tailored in (a),
rephases after a time 2pi/∆. This results in the re-emission
of the input light field. The application of a pair of counter-
propagating control fields on the | e 〉 − | s 〉 transition allows
for long-time storage, and efficient, on-demand recall in the
backward direction after a storage time Ts. (Figure from [14])
phase of the atoms will in turn be affected by the field.
This mutual effect of light and atoms can be utilized to
construct an elegant implementation of quantum-optical
memory. Consider a signal wave with macroscopic linear
polarization along the y axis. The quantum information
to be stored is encoded in the microscopic Stokes param-
eters Sˆ2 and Sˆ3 of the wave. The Stokes parameter S2
is interpreted as the angle of polarization with respect to
the y axis, whereas S3 is proportional to the collective
spin of the photons.
In order to implement storage, this field propagates,
along the z direction, through an off-resonant atomic gas.
The atoms in the gas are initially prepared, by optical
pumping, with the angular momentum ~ˆJ oriented along
the x axis [Fig. 6(a)]. As a consequence of the angular
momentum uncertainty relations, the projections Jˆy and
Jˆz of the atomic collective are uncertain. In the following,
we treat them as quantum operators.
The interaction between the light and atoms will lead
to the following effects. First, the collective spin of the
photons causes the atoms to rotate around the z axis by
Signal pulse
Cell
Wave
plate
Polarizing
beam
splitter
Polarization
measurement
Feedback
x
y
z
FIG. 6: Quantum memory based on off-resonant Faraday in-
teraction between light and atoms. The quantum information
carried by the light is encoded in its polarization. After propa-
gation through the cell, the field is subjected to a polarimetric
measurement, whose result is then fed back to the atoms by
applying a magnetic field pulse of a known magnitude and
duration.
a microscopic angle θ ∝ Sˆ3. We obtain
Jˆy,out = Jˆy,in cos θ + Jˆx,in sin θ;
Jˆx,out = Jˆx,in cos θ − Jˆy,in sin θ;
Jˆz,out = Jˆz,in. (6)
For a small θ, we can assume cos θ ≈ 1, sin θ ≈ θ. Fur-
thermore, we can treat the macroscopic quantity Jˆx as a
classical number and rewrite Eq. (6) as
Jˆy,out = Jˆy,in + αSˆ3,in;
Jˆz,out = Jˆz,in, (7)
where α is some proportionality coefficient.
On the other hand, the optical wave’s polarization will
experience Faraday rotation due to the z component of
the angular momentum of the atoms:
Sˆ2,out = Sˆ2,in + βJˆz,in;
Sˆ3,out = Sˆ3,in. (8)
Here we again assumed that the rotation angle is small
and treated the large x polarization component as a clas-
sical number.
Equations (7) and (8) describe mutual interaction be-
tween the light and the atoms. We see that the informa-
tion about the Stokes parameter Sˆ3 of the optical state
is imprinted on the optical state. However, this does not
yet constitute memory, because the atoms do not receive
any information about Sˆ3; furthermore, the stored infor-
mation is compromised by the uncertain values of Jˆy and
Jˆz.
In order to complete the memory protocol, we perform
a polarimetric measurement of the pulse emerging from
the atomic ensemble, thereby determining its Stokes pa-
rameter S2,out. Then we perform a feedback operation
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on the atoms, displacing its angular momentum Jˆz by
the measured quantity as follows:
Jˆ ′z = Jˆz,out − S2,out/β = −Sˆ2,in/β. (9)
This displacement is performed, for example, by applying
a magnetic field and causing the angular momentum to
precess around the field direction.
Now both components of the optical polarization have
been transferred to the atomic angular momentum. Al-
though the Jˆy component is still “contaminated” by its
initial noise Jˆy,in, this imperfection can be eliminated by
initially preparing the atoms in the spin squeezed state
[132, 133], so the uncertainty of Jˆy,in is reduced.
Following initial theoretical papers in which off-
resonant Faraday interaction between light and matter
have been proposed as a tool for quantum information
applications [134, 135], a theoretical proposal for quan-
tum memory has been developed in 2003 by Kuzmich
and Polzik [136] and further elaborated in Ref. [137]. In
fact, these references propose a scheme in which the light
passes through the atomic ensemble twice, in two differ-
ent directions, which allows elimination of both measure-
ment and feedback used in the scheme described above.
Experimentally, the scheme with feedback has been im-
plemented in 2004 by Julsgaard et al. [138] using exper-
imental tools developed earlier by the same group for
the purpose of entangling two atomic ensembles [139].
The atoms were prepared without initial spin squeezing.
However, the apparatus was shown to beat the classical
benchmark for coherent states [12], which was histori-
cally the first demonstration of quantum properties of an
optical memory.
F. Lifetime and decoherence
A common feature in all approaches to quantum mem-
ory via atom-light interaction is storage of information
in atomic coherence. All methods are thus prone to de-
coherence, which limits the storage time.
In the case of CRIB and AFC, the storage time is also
affected by the width of the tailored absorption lines (see
e.g. Step 1 in Fig. 4) as long as information is stored in
coherence between the ground and the optically excited
state [112]. This width is fundamentally limited by the
intrinsic homogeneous linewidth of the optical transition
[104, 140–144], and practically limited by laser line fluc-
tuations and power broadening during optical pumping.
Decoherence can be reduced by temporally mapping the
optical coherence onto coherence between ground states,
which are generally associated with smaller line-width
and longer coherence time [130].
The storage time in Raman-type memory including
EIT, DLCZ and REQM is limited by ground state deco-
herence. For instance, in vapor cells, the leading source
of ground-state decoherence is the drift of atoms into and
out of the laser beam. To reduce this effect, cells with
inert buffer gases and/or paraffin-coated walls are gener-
ally used along with geometrically wider optical modes.
In ultracold atoms confined in magneto-optical traps, de-
coherence often comes from the magnetic field. This field
produces non-uniform Zeeman shift of atomic ground lev-
els, leading to loss of the quantum phase in collective
superpositions.
Significant improvement of the memory lifetime in
atomic ensembles has recently been reported in two
DLCZ experiments [145, 146]. The effect of the mag-
netic field has been minimized by using the atomic ‘clock’
states as the ground states of the Λ system, i.e. such mag-
netic sublevels whose two-photon detuning is minimally
affected by the Zeeman effect. Residual atomic motion
has been eliminated in Ref. [146] by transferring the
atoms from a MOT into an optical lattice of a sufficiently
small period. Ref. [145] instead used a collinear geom-
etry for the four optical fields involved, in which case
the dephasing due to atomic motion is greatly reduced.
Storage times of 7 ms and 1 ms, respectively, have been
reported in these experiments.
Very recently [147], EIT-based storage of light has been
demonstrated in an atomic Mott insulator — a state of
a collective of atoms filling a three-dimensional optical
lattice, with one atom per lattice site. Absence of me-
chanical motion and uniformity of the magnetic field re-
sulted in a storage lifetime of 238 ms, the current record
for atomic media. The residual ground state coherence
decay is likely due to heating in the optical lattice and
atomic tunneling.
Even longer lived coherence can be achieved in rare-
earth-ion doped crystals. Depending on the crystal and
dopant, decoherence mechanisms vary. For instance, the
dominant mechanism in Praseodymium-doped Y2SiO5
crystals is random Zeeman shifting of Pr3+ ions due to
fluctuating magnetic fields from Yttrium nuclei. Fortu-
nately, this effect can be significantly reduced by oper-
ating in a uniform magnetic field of certain magnitude
and direction. Using this approach, coherence times up
to 82 ms have been reported [148]. This time was further
increased to 30 s by adding dynamic decoherence control
[149].
III. CONCLUSIONS
Quantum memory for light constitutes a promising,
rapidly developing research topic that builds on decades
of research into atomic spectroscopy, quantum optics and
material science. Recent results show efficient storage
with high fidelity, long lifetime with on-demand recall,
and high multi-mode capacities. Yet, these performance
characteristics have to date been demonstrated using dif-
ferent storage media and protocols, and more effort is
required for combining these benchmarks in a single set-
ting. Once developed, such a device will be invaluable
for quantum communication and cryptography as well as
optical quantum computation.
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